A worldwide series of epidemiologic studies has demonstrated that low birth weight is associated with an increased risk of hypertension and cardiovascular disease in later life (1) (2) (3) . The associations between low birth weight and poor adult health outcomes have been articulated in the "fetal origins of adult disease hypothesis." This hypothesis states that the physiologic adaptations that enable the fetus to survive a period of intrauterine deprivation result in a permanent reprogramming of the development of key organ systems and pathologic consequences in adult life (3, 4) . There is evidence that fetal growth restriction is associated with impaired nephrogenesis and reduced numbers of mature nephrons (5) (6) (7) . It has been proposed that such impairment of renal growth may contribute to increased blood pressure in later life (5) (6) (7) . The mechanisms by which a poor fetal substrate supply alters renal growth and development are, however, poorly understood.
There is clear evidence that prostaglandins, in particular those produced by the prostaglandin synthetic enzyme, prostaglandin endoperoxide synthase-2 (PGHS-2), are essential for normal renal development and function (8 -15) . In mice with a null mutation of the gene for PGHS-2, there is a severe reduction in the number of functional nephrons developed in the fetal kidney (9) . Administration of indomethacin, an inhibitor of prostaglandin synthesis, to women in threatened preterm labor also results in abnormalities in glomerular and tubular morphology in the fetal kidney and a loss of fetal and neonatal urine production (10, 11) . Similarly, chronic suppression of prostaglandin synthesis in the pregnant Rhesus monkey during late gestation resulted in fetal renal dysgenesis (13) . Although prostaglandins play a key role in the growth and development of the fetal kidney, it is unknown whether poor fetal substrate supply results in an alteration in the synthesis or actions of prostaglandins, mediated through their specific receptor subtypes in the fetal kidney.
There is evidence that the expression of PGHS-2 is developmentally regulated in the fetal kidney, and intense PGHS-2 expression has been localized to a subset of thick ascending limb cells near the macula densa during nephrogenesis in the rat kidney (16) . Although all biologically active prostaglandins are produced through further enzymatic modification of PGHS metabolites, prostaglandin E 2 (PGE 2 ) has been identified as the major renal prostaglandin produced in the fetal sheep kidney during late gestation (17) . There is evidence that PGE 2 , acting via either the EP 2 or EP 4 receptor subtype, increases renin synthesis and secretion in the adult kidney (18) . Renin mRNA levels are high in the fetal sheep kidney (19) , and activity of the renin angiotensin system is essential for normal growth (20) and function (21) of the kidney in utero. There is some evidence that prostaglandins may increase renin secretion in the fetal kidney (14, 15) , and one preliminary report has indicated that EP 4 mRNA is expressed in the kidney of the late gestation fetal sheep (22) . There is no information, however, on whether the EP 2 receptor subtype is expressed in the developing kidney, whether restriction of fetal growth is associated with a change in the renal expression of PGHS-2 or the EP 2 or EP 4 receptor subtype, or whether the expression of either receptor subtype is related to renin expression.
In the present study, we hypothesized that restriction of placental and, hence, fetal growth may decrease mRNA levels of PGHS-2, EP 2 , and EP 4 in the kidney of the fetal sheep during late gestation. We also postulated that any changes in PGHS-2 and EP 2 and EP 4 receptor subtype expression would be directly related to changes in renal renin expression in the growth-restricted sheep fetus.
METHODS

Animals and surgery.
All procedures were approved by the Adelaide University Animal Ethics Committee. In 12 Merino ewes, the majority of endometrial caruncles were surgically removed from the uterus before mating to restrict subsequent placental cotyledon formation, restricting placental and, hence, fetal growth, as described previously (23) . Ewes were observed for 4 -7 d postsurgery, and were allowed at least 10 wk recovery after surgery before mating. Pregnancy was confirmed by ultrasound at approximately 60 d gestation. In 12 placentally restricted (PR) ewes, and seven control ewes, vascular catheters filled with 50 IU/mL heparinized saline were inserted into both a fetal and maternal carotid artery and jugular vein between 102 and 120 d gestation. All surgical procedures were performed under general anesthesia induced with an injection of sodium thiopentone (25 g i.v., Boehringer Ingelheim, North Ryde, NSW, Australia), and maintained with 3-4% inhalational halothane in oxygen. Fetal catheters were exteriorized through an incision in the ewe's flank. During surgery, antibiotics (penicillin, 250 mg/mL, and procaine hydrochloride 20 mg/mL, Lyppards, Adelaide, Australia) were administered intramuscularly to the ewe (2 mL) and fetus (2 mL), respectively. Ewes were housed in individual pens within animal holding rooms, with a 12-h light-dark cycle. Water was available ad libitum, and ewes were fed once daily.
A recovery period of at least 4 d was allowed after surgery before blood sampling commenced. Fetal arterial blood samples (0.5 mL) were taken three times per week, and PO 2 , PCO 2 , pH, O 2 saturation, and Hb content were determined (ABL 520 analyzer, Radiometer, Copenhagen, Denmark).
Postmortem and tissue collection. In addition to the pregnant ewes described above, two pregnant ewes carrying normally grown singleton fetuses that did not undergo surgery were also used for collection of fetal tissues. Ewes and fetuses were killed with an overdose of sodium pentobarbitone (Lyppards, Castle Hill, NSW, Australia) between 139 and 145 d gestation. Fetal sheep were delivered by hysterectomy, weighed, and decapitated. Fetal kidneys were weighed and a mid-glandular section of one kidney was collected from each fetus. These samples were snap frozen in liquid nitrogen and stored at Ϫ80°C.
Real-time reverse transcriptase (RT)-PCR.
To ensure that the relative contribution of renal cortical and medullary RNA to the whole kidney RNA sample examined was equal, total RNA was extracted from 50 to 100 mg of each tissue using Tri-Reagent (Sigma Chemical, St. Louis, MO, U.S.A.), as described previously (24) . Extracted RNA was resuspended in Tris-EDTA buffer (TE: 10 mM Tris, 1 mM EDTA, pH 7.4), and the RNA concentrations determined by spectrophotometry. Renal cortical and medullary RNA from each kidney were then combined in equal proportions, treated twice with DNase I (Ambion DNA-free, Ambion, Austin, TX, U.S.A.), and RNA concentration determined by spectrophotometry. Primers for each gene (Table 1) were designed with the assistance of Primer Premier 5.0 Software (Premier Biosoft International, Palo Alto, CA, U.S.A.) and were optimized for annealing temperature (64 -70°C) and RT RNA concentration. Correct product size and sequence were confirmed by agarose gel electrophoresis and sequencing.
RNA (500 ng) was reverse transcribed using the TaqMan RT Reagents kit (Applied Biosystems, Foster City, CA, U.S.A.), containing 1ϫ RT buffer (TaqMan RT buffer), 5.5 mM MgCl 2 , 500 M of each deoxyNTP, 2.5 M random primers, 0.4 U/L RNase inhibitor, and 1.25 U/ RT (MultiScribe). Control mixtures were prepared for each RNA sample containing no 
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RT and a no-template control also included. A six-point standard curve was constructed by serial dilution of an RNA sample from one control animal and was reverse transcribed in parallel with the experimental samples. The RT thermal cycle was conducted using the Bio-Rad iCycler (Bio-Rad, Hercules, CA, U.S.A.) as follows: 25°C (10 min), 48°C (30 min), then 95°C (5 min) before freezing at Ϫ20°C. PCR reaction mixtures (50 L) were prepared containing 1ϫ SYBR Green buffer, 3 mM MgCl 2 , 1 mM dNTP mix with dUTP substituted for dTTP, 0.025 U/L Taq polymerase (AmpliTaq Ddd), 0.01 U/L Uracil N Glycosylase (Amp Erase UNG), 0.2 M sense primer, 0.2 M antisense primer, and 2 L cDNA using the SYBR Green PCR Core Reagents kit (PE Biosystems, Warrington, U.K.). Aliquots (3 ϫ 50 L) of each cDNA sample were transferred to a 96-well optical plate (iCycler iQ PCR plates, Bio-Rad). Wells were sealed using optical grade tape (iCycler iQ, Bio-Rad), and the plate centrifuged briefly. Fluorescence measurements for each experimental run were standardized either using the experimental plate or an external well factor plate. The thermal cycle protocol used for amplification, using the Bio-Rad iCycler, was as follows: 50°C (2 min), 95°C (10 min), and 40 ϫ 95°C (15 s), 70°C (60 s), or appropriate annealing temperature (30 s) followed by 72°C (30 s). Sample fluorescence was measured each cycle during either the 70°C or 72°C step. Melt curve data were then collected immediately, using the thermal protocol 95°C (1 min), 55°C (1 min), and then fluorescence was measured as sample temperature was increased by 1°C increments every 12 s.
Data analysis. After the PCR run was completed, melt curve analysis was used to confirm that there was one amplified product. Baseline fluorescence was determined, and a threshold value assigned at 10 SD above the mean baseline fluorescence. This was used to assign a threshold cycle (TC) for each well. The mean TC was then calculated for each sample in triplicate. A maximum variation between the TC measurements of the three aliquots was set at 0.6 TC, and data points outside this value were excluded from further analysis. The difference in the mean abundance of renal 18S rRNA between the PR and control groups was 0.3 TC, and 18S rRNA was therefore used as the reference gene. The ratio of target gene mRNA abundance, relative to 18S rRNA abundance, was determined using a modification of the data analysis method recently developed, and validated for real-time PCR measurement of relative gene expression (25) . The PCR reaction efficiency for each primer set was determined from the slope of the standard curve. The mean relative gene mRNA expression for each group was then determined:
where E target ϭ the real-time PCR reaction efficiency of the gene of interest, and E 18S ϭ the real-time PCR reaction efficiency of 18S, which were calculated as E ϭ 10 [Ϫ1/slope of standard curve] for each reaction. ⌬TC ϭ the difference in mean TC between a control sample on the plate and each experimental sample on that plate. The control sample was one sample of renal cDNA included in all PCR runs.
A mean arterial blood gas value was calculated for each fetus from all of the blood gas data collected for that fetus during late gestation. Data are expressed as mean Ϯ SEM, and results from the PR and control groups were compared using a t test and linear regression analysis. A probability level of 5% (p Յ 0.05) was considered significant.
RESULTS
Fetal Blood Gas Status and Outcomes
Mean fetal arterial PO 2 and O 2 saturation were significantly lower in the PR group when compared with controls. There was no difference, however, in mean fetal arterial Hb content, PCO 2 , or pH between the PR and control fetuses ( Table 2) . Placental restriction significantly reduced fetal body weight (PR: 3.2 Ϯ 0.2 kg, n ϭ 12; control: 4.8 Ϯ 0.2 kg, n ϭ 9, p Ͻ 0.001) and fetal kidney weight (PR: 19.7 Ϯ 1.8 g, control: 25.1 Ϯ 1.3 g, p ϭ 0.04), whereas the proportion of kidney weight to body weight was unaltered (PR: 0.62 Ϯ 0.05%, control: 0.53 Ϯ 0.03%, p Ͼ 0.05).
Renal PGHS-2 mRNA Expression
The relative expression of PGHS-2 mRNA. In the fetal kidney, 18S rRNA was significantly greater in the PR group (PR: 2.26 Ϯ 0.38, control: 1.20 Ϯ 0.31, p ϭ 0.05) (Fig. 1A) . There was also an inverse relationship between the relative expression of PGHS-2 mRNA in the fetal kidney and the mean fetal arterial PO 2 during late gestation [PGHS-2 ϭ Ϫ0.17 (PO 2 ) ϩ 4.69, r 2 ϭ 0.26, p ϭ 0.03] (Fig. 1B) . Renal EP 2 and EP 4 receptor mRNA expression. The expression of EP 2 receptor mRNA was significantly greater in the PR group (PR: 1.57 Ϯ 0.24, control: 0.82 Ϯ 0.13, p ϭ 0.02) ( Fig. 2A ). There was a trend for an inverse relationship between the relative renal expression of EP 2 mRNA and the mean arterial PO 2 throughout late gestation (p ϭ 0.06). The restriction of placental growth did not alter the renal expression of EP 4 receptor mRNA (PR: 1.81 Ϯ 0.23, control: 1.29 Ϯ 0.27, p Ͼ 0.05) (Fig. 2B) , and there was no relationship between renal EP 4 mRNA expression and mean fetal arterial PO 2 .
Renal renin mRNA expression. There was no difference between the PR and control groups in the expression of renin mRNA in the fetal kidney (PR 1.56 ϩ 0.20, control: 1.23 ϩ 0.21, p Ͼ 0.05). Renal renin mRNA expression was not correlated with fetal mean arterial PO 2 . There were, however, (Fig. 3B) . There was also a trend for a direct relationship between relative renin mRNA expression and the expression of PGHS-2 mRNA (p ϭ 0.09).
DISCUSSION
The restriction of placental growth reduced mean fetal arterial PO 2 , O 2 saturation, fetal body weight, and total kidney mass. There was no change, however, in the proportion of kidney mass to body weight, indicating that the growth of the kidney was restricted in proportion to body size in the PR animals. PGHS-2 mRNA expression was increased in the PR fetus, and was inversely related to mean fetal arterial PO 2 . In addition to the increased expression of mRNA for this prostaglandin synthetic enzyme, there was also an increase in expression of mRNA for the PGE 2 receptor, EP 2 , whereas there was no change in the expression of mRNA for either the EP 4 receptor or renin in the kidney of the placentally restricted fetus. Renin mRNA expression was directly related to the expression of EP 2 and EP 4 mRNA. It has previously been demonstrated that an up-regulation of EP 2 receptor mRNA in rat glomeruli, after induction of mesangioproliferative glomerulonephritis, is correlated with both an increase in receptor protein and an increase in cAMP production in response to PGE 2 (26) . Our results therefore indicate that there may be an increase in the capacity of the kidney in the growth-restricted fetus to synthesize and respond to prostaglandins. It is possible that this response is an important fetal adaptation to placental restriction, acting to maintain proportionate renal growth.
Our results demonstrated that the relative renal expression of PGHS-2 mRNA increased in response to placental restriction, and was inversely related to mean arterial PO 2 during late gestation. The inverse relationship between PGHS-2 mRNA and mean arterial PO 2 suggests that hypoxia may directly 
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stimulate PGHS-2 expression in the fetal sheep kidney. There is evidence that prostaglandins play a role in the fetal renal response to hypoxia in vivo. Millard et al. (27) reported that administration of indomethacin to fetal sheep caused a significantly greater decrease in renal blood flow when fetal hypoxia was induced. Interestingly, Bauer et al. (28) demonstrated that in growth-restricted newborn piglets, the decrease in renal blood flow in response to severe hypoxia was smaller when compared with normally grown newborns, suggesting that adaptations in the growth-restricted fetal kidney improve its capacity to maintain renal blood flow during hypoxia. Based on data from the present study, it would be pertinent to determine the effects of blockade of the EP 2 /EP 4 receptor subtypes on renal blood flow and renin mRNA expression in the growthrestricted fetus.
Hypoxia has been demonstrated to increase the expression of PGHS-2 mRNA in cultured vascular endothelial cells in vitro (29) . This latter study also demonstrated that the mechanism by which hypoxia stimulates increased PGHS-2 mRNA expression includes increased binding of nuclear factor (NF)-B p65 to one of two NF-B consensus elements present in the PGHS-2 promoter region (29) . There is also the potential for other oxygen-sensing mechanisms, such as hypoxia inducible factor 1 (HIF-1) to contribute to the increased PGHS-2 expression that is induced by hypoxia (30) . In cultured adult rat renal mesangial cells, an increase in PGE 2 production has been demonstrated in response to severe hypoxia in vitro (23, 31, 32) .
Although decreasing oxygen supply may act directly to increase the renal expression of PGHS-2 mRNA, it is possible that other factors, such as circulating glucose or IGF-1 concentrations, which also reflect the severity of growth restriction, influence renal PGHS-2 mRNA expression and contribute to the inverse relationship observed between mean arterial PO 2 and PGHS-2 mRNA expression. The expression of other important regulators of fetal renal development, including components of the nitric oxide, or bradykinin pathways, may also be affected when fetal growth is restricted. Changes in the activity of these pathways may mediate or compensate for the effect of growth restriction on the renal prostaglandin system or RAS. Our data suggest that, regardless of the nature of the cellular mechanisms involved, an increase in prostaglandin production in the kidney forms part of the renal response to a restriction in substrate supply.
We have also demonstrated that restriction of placental and fetal growth increased EP 2 receptor mRNA expression in the fetal sheep kidney. There was a trend for the increased EP 2 mRNA expression to be inversely related to mean fetal arterial PO 2 throughout late gestation. This is the first report of EP 2 mRNA expression in the fetal kidney, and also the first investigation into the impact of a suboptimal intrauterine environment on the renal expression of the EP 2 receptor in fetal development. The role of EP 2 in adult renal function is controversial. EP 2 is localized in the nephron of the adult rat kidney to the descending thin limb of the loop of Henle, and outer medulla vasa recta (33) , and to the renal cortical arteries and arterioles in the human kidney (34) . At present, the specific role of the EP 2 receptor in the adult or fetal kidney is unclear, although two gene deletion studies have suggested a role for this receptor in the regulation of renal salt reabsorption (35, 36) .
In contrast to EP 2 , we found that EP 4 receptor mRNA expression in the fetal sheep kidney was not altered by placental restriction, and there was no relationship between the expression of EP 4 mRNA and mean fetal arterial PO 2 . In the adult, expression of the EP 4 receptor has been localized to the renal glomerulus, where it is believed to mediate the stimulatory action of PGE 2 on the synthesis and secretion of renin (37) . The EP 2 and EP 4 receptors share several characteristics. Importantly, both bind PGE 2 with a similar affinity (38) , and both increase intracellular cAMP production (39) . It may be of relevance, however, that the EP 4 receptor undergoes rapid, agonist-induced desensitization within minutes by being internalized into the cell, whereas the EP 2 receptor subtype is only down-regulated by longterm agonist exposure (40) . The specific increase in both the enzyme PGHS-2 and EP 2 receptor mRNA may therefore represent a requirement for prolonged prostaglandin signaling in the kidney of the growth-restricted fetus. There was no significant change in the expression of renin mRNA in the kidney in response to placental restriction. This contrasts with the previous findings of Zhang et al. (41) , who reported that renin mRNA was reduced in the kidney of placentally restricted fetal sheep. Consistent with the results of Zhang et al., it has been demonstrated that, in the rat, restriction of maternal protein intake during pregnancy suppressed renin mRNA levels in the kidneys of offspring (42) . This demonstrates that, in the rat, the renin angiotensin system can be suppressed by protein restriction, in the absence of hypoxemia. Edwards and co-workers (43), however, reported that infusion of an angiotensin-converting enzyme inhibitor, which blocked activity of the renin angiotensin system, resulted in a greater hypotensive response in placentally restricted fetal sheep. These authors concluded that the renin angiotensin system plays a greater role in the maintenance of fetal arterial blood pressure in the PR, compared with the normally grown fetus.
In the present study, we have demonstrated that the relative expression of renin mRNA was directly related to the relative expression of both EP 2 and EP 4 receptor mRNA. It has been demonstrated that inhibition of prostaglandin synthesis decreases plasma renin activity in late-gestation fetal sheep (14, 15) and prostaglandin-mediated increase in cAMP production is also an established promoter of renin synthesis and secretion in the adult kidney (18, 37) . The relationships we observed between renin and the components of the prostaglandin system may therefore suggest that renin mRNA synthesis is indeed regulated, in part, by prostaglandins in the late-gestation fetal sheep.
In summary, our results demonstrated that there is an increase in PGHS-2 mRNA expression in the kidney of the placentally restricted fetal sheep, and that renal PGHS-2 mRNA expression is inversely related to mean fetal arterial PO 2 . Placental restriction significantly increased EP 2 receptor mRNA, and there was also a trend for this increase to be inversely related to mean fetal arterial PO 2 during late gestation. Placental restriction did not affect EP 4 , or renin mRNA expression, however, the relative expression of renin mRNA was directly related to both EP 2 and EP 4 receptor mRNA expression. Thus, the restriction of placental growth and associated chronic hypoxemia appear to increase the renal capacity to synthesize and respond to prostaglandins, which may play an important role in maintaining renin mRNA expression in the growth-restricted fetus.
